intracellular concentration of cyclic AMP in several tissues and cyclic AMP induces simi lar effects to those of many hormones (1, 2) . Thus it has been proposed that cyclic AMP mediates the responses of these hormones. Increased concentrations of cyclic AMP in tissues are caused by enhanced adenyl cyclase activity or suppressed phosphodiesterase activity.
The activities of these enzymes are known to be higher in the brain than in other tissues (3, 4) . Cyclic AMP was previously reported by Siggins, Hoffer and Bloom (5) to interfere with neuronal activity in the cerebellum of rats. It is conceivable that cyclic AMP may play a role in regulating the activities of the cells of central nervous system as an intracellular mediator of responses to transmitters and hormone-like compounds. In support of this Kakiuchi and Rall (6) reported that on incubation of slices of rabbit cere bral cortex with histamine a large amount of cyclic AMP accumulated in the slices. Re cently similar results were reported by other investigators (7) (8) (9) .<BR> Kwiatkowski (10) first found histamine in various areas of the central nervous system and subsequently his findings have mostly been confirmed (11) (12) (13) (14) (15) . However, little is known about the function of histamine in the central nervous system.<BR> Prostaglandins have been found to be present in the brain, as in other tissues, of sever al species (16) (17) (18) (19) (20) (21) (22) (23) (24) and these compounds are widely distributed throughout all regions of the brain (24) . Horton (25) observed that intraventricular administration of PGE, to cats caused sedation and stupor. Spontaneous movement of the cat decreased and the cat lost interest in its surroundings.
In adipose tissue and toad bladder, prostaglandin E was reported to inhibit the responses to lipolytic hormones and vasopressin, and this inhibition was attributed to inhibition of the activation of adenyl cyclase by these hormones (26) (27) (28) (29) (30) (31) . It is also possible that prostaglandin E may be involved in regulation of the intracellular concentration of cyclic AMP in the central nervous system.<BR> These observations suggest that cyclic AMP, histamine and prostaglandin E are all
The abbreviations used are: cyclic AMP, adenosine 3', 5'-monophosphate; db-cyclic AMP, N6, O2'-dibutyryl adenosine 3', 5'-monophosphate; PGE,, prostaglandin Ei (Ila, 15-(S)-dihydroxy 9-oxo-l3-trans-prostenoic acid). * The preliminary report of these studies was presented at the 13th Annual Meeting of the Japanese Neurochemical Society held in Okayama, October 16, 1970 , Bull. Jap. Neurochem. Soc., 9, Suppl. 17-20 (1970 
MATERIALS AND METHODS
Measurement of locomotor activity Five to 7 day-old male White Leghorn chicks, weighing 51 to 54 g, were used. Groups of three chicks were housed in individual rectangular (13 x 24 cm) cages with free access to water at least for 3 hours before experiments. Each group of three chicks was placed in a square (60 x 60 cm), plastic box equipped with light sources and photoelectric cells connected to a cumulative counter. With this one count was recorded per 2 cm movement of the birds. Spontaneous locomotor activity was measured for 20 minutes. Then the test compound was injected intracerebrally and the locomotor activity was measured for a further 20 to 25 minutes. All experiments were made at a constant room temperature of 29'C.
Intracerebral injection
The head of the chick was held in a horizontal position and the intracerebral injec tion was made 3.5-4.2 mm rostral to the crossing of the coronary suture and median line, and 1.4-2.0 mm lateral to the median line. The syringe with a needle of 0.35 mm dia meter was held vertically and the solution was rapidly injected intracerebrally. Usually 25 nl of solution was injected into each chick.
The chemical compounds administered were dissolved in distilled water and the pH of the solution was ajusted to 7.33-7.35 with NaOH or HCl solution. The osmotic pres sure was adjusted to about that of 0.9%, saline by adding NaCl solution. 
Histological study
After measurement of locomotor activity, the chicks were usually kept for about 20 hours and then sacrificed. Their brains were fixed in 20% formalin solution and stained by the Weigert or thionin method. The anatomical location of the needle track was ex amined microscopically. A direct needle track could be found in the frontal plane. Fig.  I shows the location of the needle tip in the frontal plane. The position of the needle tip was usually identified in a small region of the dorsal portion of the neostriatum, adjoin ing to the hyperstriatum.
Reagents
The reagents used were all commercial products of analytical grade. PGE1 was kind ly donated by Ono Pharmaceutical Co., Ltd. Cylcic AMP and db-cyclic AMP were gifts from Takeda Pharmaceutical Co., Ltd.
RESULTS
Decreased locomotor activity was observed in chicks for about I to 3 minutes after intracerebral injection of 0.9"/ saline. Then activity rapidly returned to the normal level. No other change in behavior was detected. Behavioral change induced by cyclic AMP and db-cyclic AMP Within one minute after intracerebral injection of db-cyclic AMP (62 pug/bird), chicks stretched their necks and started to walk about chirping vigorously. Within 2 to 4 minu tes of the injection they began to run about chirping vigorously and soon they were runn ing about continuously at high speed (Fig. 2) . They ran about in all directions and seem ed to be running aimlessly. Even chicks which had been starved for at least 12 hours be fore the injection, showed no interest in food during this period. There was no abnor mality in their gait, and their movements were fully co-ordinated. While they were run ning, they did not bump against the wall of the observation box, or each other. Thus, their behavioral responses to db-cyclic AMP seemed to be highly regulated. From 15 20 minutes after the injection, occasionally they interrupted running movements and rest ed in a squatting position with tachypnoea. However, even during rests they were high ly reactive to external stimuli and started to run about when touched. But there was no erection of the feathers and extension of the wings. Their behavior returned to normal about one hour after the injection. Soon after a higher dose (100,ag/bird) of db-cyclic AMP, the chicks began to run about, chirping vigorously in the same way. But 8 to 10 minutes after the injection, they began to run about with legs bent. As shown in Fig. 2 , the maximal locomotor activity was observed 5 to 10 minutes after injection of db-cyclic AMP (62 beg/bird). Fig. 3 , in which the peak value of activity is plotted against the dose of db-cyclic AMP, shows that the locomotor activity increased with increase in the dose of db-cyclic AMP.
Intracerebral injection of cyclic AMP induced the same behavioral change as db-cyclic AMP, but enhance ment of locomotor activity and vocal activity were less than with the latter (Fig. 2) . The effect of cyclic AMP on locomotor activity appeared 4 to 6 minutes after the injection. The chicks ran about chirping. No sign of ataxia was observed with a higher dose (250 jig/bird) of cyclic AMP. Fig. 4 , in which the peak value of locomotor activity is plotted against the dose of cyclic AMP, shows that locomotor ac tivity increased with increase in the dose of cyclic AMP.
No enhancement of locomotor ac tivity or vocal activity was observed even with a high dose (250 /Lg/bird) of 5'-AMP (Fig. 4) . However, from 30 to 60 seconds after the injection, stamping movements or slight running motions were observed lasting for only a few seconds, and some chicks also showed increased reactivity to external stimuli with a higher dose of 5'-AMP. But no chirping was observed. 
Behavioral change induced by histamine
Intracerebral administration of hista mine resulted in enhanced locomotor and vocal activities (Fig. 5 ). Within 1 to 2 minutes after injection of histamine (250 iig/bird), the chicks stretched their necks and started to walk about, chirp ing vigorously, and within 3 to 5 minutes they were running about continuously and rapidly, chirping vigorously. They ran in all directions and they seemed to be running about aimlessly. Even chicks which had been starved for at least 12 hours before the injection, showed no interest in food during the period of hyperactivity induced by histamine. There was no abnormality in their gait and their movements were fully co-ordinated. The change in their behavior after intracerebral administration of histamine was similar to that obsrved after injec tion of db-cyclic AMP. They continued running as described above for 10 to 15 minu tes, and then started walking as well as running about, chirping. Fig. 6 shows the peak value of locomotor activity as a function of the dose of histamine. The enhancement of locomotor and vocal activities induced by histamine gradually decreased and was followed by behavioral sedation, frequently with remarkable perspiration. This was quite unlike the case after administration of db-cyclic AMP. The sedated state continued for I to Intracerebral administration of imidazole or imidazole acetic acid, which are struc turally related to histamine, did not produce a change in behavior like that produced by histamine. Administration of imidazole (200 pg/bird) did not affect the behavior any more than administration of saline. Intracerebral administration of imidazole acetic acid resulted in profound sedation. The sedation developed 1 to 3 minutes after the injec tion, and the righting reflex was weakened. Increased reactivity to external stimuli was observed in some chicks for 30 to 60 seconds immediately after intracerebral injection of imidazole acetic acid. The chicks recovered completely in a few hours.
Caffeine is known to inhibit phosphodiesterase and consequently to raise the intra cellular cyclic AMP level (1, 2, 32, 33) . Accordingly its effect on the behavioral change induced by histamine was investigated. Simultaneous intracerebral administration of histamine (250 leg/bird) and caffeine (100 /eg/bird) increased the effect of histamine only slightly (Fig. 5) . However, in some cases the effect of histamine was remarkably enhanc ed by caffeine. The chicks used in these studies were obtained from the hatchery in groups of 100 within 24 hours after they were born. Of these groups of 100 chicks, there seem ed to be two kinds. In one the effect of histamine was very great while in the other it was only slight. This difference in response to histamine may be due to differences in the en vironmental conditions before and after hatching. In the groups of 100 chicks in which the effect of histamine was only slight, the effect of histamine tended to be remarkably enhanced by caffeine. Further the effect of caffeine in enhancing that of histamine varied closely with the amount of caffeine injected. Behavioral change induced by PGE, Intracerebral administration of PGEi (75 m1lg/bird) produced a drowsy condition within I to 3 minutes. Locomotor activity decreased. The chicks closed their eyes in a standing posture and gradually lowered their heads, or sat down and closed their eyes. Some chicks jostled against each other. Their movements were fully co-ordinated. Then behavioral sedation developed, and in cases the chicks remained in a squatting position, with their eyes closed. They opened their eyes and moved their heads in response to a sudden loud noise but they did not chairp. Even chicks which had been starved for at least 12 hours before the injection, showed no interest in food during the period of seda tion due to PGE,. No sign of catatonia was detectable. On injection of a higher dose (1000 m/zg/bird) or PGE, the chicks remained in a squatting or prostrate position, but their righting reflex was not lost. There was no obvious change in their respiratory rate. Fig. 7 shows the effect of increasing doses of PGE, on locomotor activity. 
Effect of PGE, on the behaviors induced by histamine and by db-cyclic AMP
Histamine and PGE, were injected simultaneously to investigate the effect of PGE, on the enhancement of locomotor and vocal activities induced by histamine. The en hancement of activity induced by histamine (250 pg/bird) was not affected by 105 mpg of PGE,, an amount sufficient to inhibit spontaneous locomotor activity almost complete ly when administered alone (Figs. 7 and 8 ). On injection of histamine (250 pg/bird) with a higher dose (210 mpg/bird) of PGE,, the chicks stood and opened and closed their eyes for about 3 minutes, and then walked about, chirping vigorously, occasionally making short runs. An injection of histamine (250 pg/bird) with a much higher dose (1000 mpg/ bird) of PGE,, behavior was similar to that observed on injection of histamine with 210 mpg of PGE, (Figs. 8 and 9 ). That is, chicks stood or squatted and opened and closed their eyes. From 5 minutes after the injection, occasionally they walked about, and chirp ed vigorously only by fits. During this period they showed no interest in food. There was no abnormality in their gait and their movements were fully co-ordinated. As describ ed above, the enhancement of locomotor and vocal activities induced by histamine, was remarkably inhibited by more than 210 mpg per bird of PGE,. However, although spon taneous locomotor activity was almost completely inhibited by even a lower dose of PGE,, Other experimental conditions were as for Fig. 2. the activity observed on injection of histamine was not completely inhibited even by a much higher dose of PGE, (Fig. 9) .
Similarly, the effect of PGE, on the enhancement of locomotor and vocal activities induced by db-cyclic AMP was investigated, by simultaneous intracerebral injection of db-cyclic AMP and PGE, (Fig. 10) . From several minutes after injection of db-cyclic AMP (62 Izg/bird) with PGE, (1000 m1zg/bird), chicks walked about, chirping vigorously, and some chicks made frequent short runs. They showed no interest in food. There was no abnormality in their gait and their movements were fully co-ordinated. From about 15 minutes after the injection, they were frequently observed to stand still open ing and closing their eyes. The inhibitory effect of PGE, on the activity induced by db cyclic AMP seemed to increase gradually with time after the injection. As described above, the enhancement of locomotor activity induced by db-cyclic AMP was remarkably in hibited by a much higher dose of PGE,.
DISCUSSION
In young chicks of less than a week old, ossification of the skull is slight and intra cerebral injections can be made easily and rapidly, without anaesthesia. So it is possible to observe responses to chemical compounds immediately after their injection. More over, intracerebral administration of compounds to chicks seems an especially suitable method to investigate the effects on the central nervous system of biological substances which are rapidly metabolized in the brain. Other factors in favor of using young chicks rather than mammals are that chicks respond to environmental stimuli and to most neuro pharmacological compounds in a similar way to adult mammals (34) (35) (36) (37) and that their electroencephalogram is similar to that of adults (38) .
Materials were injected through a hypodermic needle and the track of the needle was determined histologically. The needle tips were found to have penetrated to a small re gion of the dorsal portion of the neostriatum, adjoining to the hyperstriatum (Fig. 1) . Erulkar (39) observed that in anaesthetized pigeons the potentials evoked by light tactile stimuli or peripheral nerve stimulation were recorded from a small region of the antero dorsal portion of the neosrtiatum caudale. This region seems to correspond to that into which materials were injected in our studies.
Cyclic AMP has been reported by Siggins, Hoffer and Bloom (5) to interfere with neuronal activity. They found that microelectrophoretic administration of cyclic AMP reduced the discharge frequency of the Purkinje cells in rat cerebellum. McKean, Peter son and Raghupathy also found that intraventricular administration of db-cyclic AMP resulted in tonic-clonic convulsions, piloerection, mydriasis and salivation in cats. We studied the behavioral responses to cyclic AMP and its derivatives quantitatively. We observed that intracerebral administration of db-cyclic AMP or cyclic AMP produced en hancement of locomotor and vocal activities (Figs. 2-4 ). Convulsions were never ob served. Cyclic AMP had less effect than db-cyclic AMP in enhancing locomotor and vocal activities. This may be because cyclic AMP is more rapidly hydrolyzed by phospho diesterase and penetrates the cells less readily (41) . Intracerebral administration of 5' AMP did not produce enhancement of locomotor or vocal activity (Fig. 4) .
Kakiuchi and Rall (6) reported that incubation of slices of rabbit cerebral cortex with histamine resulted in more than 8-fold increase in the intracellular cyclic AMP level and that norepinephrine increased the cyclic AMP level only about 70%. When histamine was administered through a cannula implanted in the lateral ventricles of cats, Feldberg and Sherwood (42) , and others (43, 44) observed signs of autonomic disturbance. On direct intracerebral injection of histamine into mice and guinea pigs, Haley (45) and Kohn and Millichap (46) observed clonic convulsions and other toxic manifestations followed by death. It was also reported that on iontophoretic administration of histamine caused a change in cell excitability in the pre-curciate cerebral cortex (47, 48) . We studied the effect of histamine and some related compounds on the behavior of chicks. Intracerebral. administration of histamine resulted in enhanced locomotor and vocal activities (Fig. 5) . The behavioral responses were similar to those observed on administration of db-cyclic AMP or cyclic AMP. The behavioral responses were dose-dependent and were reversible (Fig. 6 ). Imidazole and imidazole acetic acid did not induce responses like histamine. Imidazole acetic acid and a much higher dose of imidazole had sedative effects (Fig. 6) , probably caused by stimulation of phosphodiesteraae activity by these compounds (33) . Thus the sedation of activity observed in the later phase after injection of histamine may be due to the metabolite, 1-methyl imidazole acetic acid, formed from histamine. Shimizu, Creveling and Daly (7) tested the effects of a variety of compounds structurally related to histamine on formation of cyclic AMP in slices of rabbit cerebral cortex. Histamine and N-methylhistamine had strong effects but various metabolites of histamine, such as 1-methylhistamine and imidazole acetic acid were inactive.
Methyixanthines are reported to enhance the effects of hormones on adipose tissue, etc. They are known to inhibit phosphodiestereas and consequently to raise the intracel lular level of cyclic AMP (1, 2, 32, 33) . It was reported that when slices of cerebral cor tex were incubated with histamine, accumulation of cyclic AMP in slices increased re markably in the presence of theophylline (6) . We investigated the effect of caffeine on the behavior induced by histamine. Simultaneous intracerebral administration of histamine and caffeine had only slightly more effect than histamine alone (Fig. 5) . However, in some cases, as described in the "Results", the effect of histamine was remarkably enhanced by caffeine. Our results suggest that the behavioral responses to histamine may be mediated by an increased rate of formation of cyclic AMP.
We observed that intracerebral administration of PGE, had a sedative effect in chicks, spontaneous locomotor activity being almost completely inhibited (Fig. 7) . The profound sedation following intravenous injection of PGE, was previously reported in chicks by Horton (25) . He observed that, in addition to profound sedation, the respiratory rate was greatly reduced and with a higher dose the righting reflex was lost, and chicks lay on their side. The behavioral responses to intravenous injection of PGE, may be modified by the peripheral effects of PGE, on the cardiovascular system and peripheral nervous system. In our studies intracerebral infection of even higher doses of PGE1 did not produce a re duction of the respiratory rate or loss of the righting reflex.
Prostaglandins are widely distributed throughout all regions of the brain and are not associated with specific nerve pathways (24) . It was established that PGE, and PGF2, are present in adult chicken brain in concentrations of about 100 m/Lg/g and 10 m/Lg/g, re spectively (21) . In young chick brain we detected about 50 m,reg (PGE1 equiv.)/g of pro staglandin E-like substances by solvent partition and silicic acid column chromatography (49) . Kataoka, Ramwell and Jessup (20) reported the presence of prostaglandin E in the fractions containing nerve endings and synaptic vesicles isolated from rat cerebral cortex. Prostaglandins are released from the surface of the cerebral and cerebellar cortex and spinal cord (50) (51) (52) , and from peripheral synaptic sites in association with the release of chemical transmitters in many tissues. Prostaglandin E have potent inhibitory actions on the re sponses to hormones in several tissues (26, 27, 53, 54) . These inhibitory actions were at tributed to suppression of increase in the intracellular level of cyclic AMP, conceivably resulting from inhibition of the activation of adenyl cyclase by hormones (28) (29) (30) (31) . More over, in adipose tissue the amount of prostaglandins released on either nervous or hor monal stimulation is sufficient to inhibit the lipolysis evoked by nerve stimulation (55) . Thus it has been suggested that prostaglandins may modify the actions of hormones and transmitters by negative feed back mechanisms (21, 56) . These observations raise the possibility that in the central nervous system prostaglandins may act as modulators of the actions not only of chemical transmitters, but also of hormone like compounds released in the central nervous system. Accordingly we studied the effect of PGE1 on the behavioral response to histamine, which is probably mediated by an increase in the intracellular level of cyclic AMP. PGE1 inhibited the enhancement of locomotor and vocal activities induced by histamine only when injected at a dose higher than that needed to inhibit spontaneous locomotor activity (Figs. 8 and 9 ). However, a high dose of PGE1 did not inhibit the activity observed on injection of histamine as completely as a low dose of PGE1 alone inhibited spontaneous locomotor activity. Similarly, the increased activity induced by db-cyclic AMP also was remarkably inhibited by high dose of PGE1 (Fig. 10) . These results are not compatible with the interpretation that prostaglandin E interferes with the activation of adenyl cyclase by hormone like compounds, as described above.
Assuming that prostaglandin E is involved in regulation of the cyclic AMP level in the central nervous system as in other tissues, these results suggest that the site of break down rather than of formation of cyclic AMP may be the possible point of action of PGE1 in the central nervous system. From studies of the antagonistic effect of PGE1 on lipoly sis induced by norepinephrine and theophylline, Muhlbachova, Solyom and Puglisi (57) suggested that PGE1 may stimulate phosphodiesterase activity. Recently, Kakiuchi and Yamazaki (58, 59) proposed that the physiological concentration of calcium ion is im portant in regulation of phosphodiesterase activity in rat brain. So, PGE1 may stimulate the hydrolysis of cyclic AMP by regulating the intracellular concentration of calcium ion.
The latter may be achieved directly or indirectly by a configurational change in the plasma membrane due to PGE,. However, our experiments are indirect and a final judgment on this requires demonstration of the action of PGE, on phosphodiesterase.
The central nervous system contains various types of cells which are organized sys tematically. The possibility should not be overlooked that cyclic AMP, histamine and PGE, may act on different types of cells in the central nervous system. Thus caution is required in reaching conclusions on the functional roles of cyclic AMP, histamine and PGEi in the central nervous system. SUMMARY 1. The effects of intracerebral administration of adenosine 3', 5'-monophosphate (cyclic AMP), N', 02'-dibutyryl adenosine 3', 5'-monophosphate (db-cyclic AMP), hista mine and prostaglandin E, (PGE,) on the behavior of chicks were studied quantitatively and the implication of these compounds in regulating the function of the central nervous system was discussed.
2. Cyclic AMP and db-cyclic AMP induced enhanced locomotor and vocal activities.
After their infection the chicks were observed to run about almost continuously at high speed, chirping vigorously. The locomotor activity of the chicks increased more than 5 fold. There was no abnormality in their gait and their movements were fully co-ordi nated. No toxic manifestations were observed. Locomotor activity increased with in crease in the dose of cyclic AMP or db-cyclic AMP. 5'-AMP did not induce a response like db-cyclic AMP. 3. However, histamine induced nearly the same kind of change in the behavior as that induced by db-cyclic AMP. Locomotor activity increased with increase in the dose of histamine. Imidazole and imidazole acetic acid did not induce a response like hista mine. The behavior induced by histamine may be mediated by the formation of cyclic AMP.
4. PGE, had a sedative effect and locomotor activity decreased with increase in the dose. 5. The behavior induced by histamine was remarkably inhibited by a higher dose of PGEi, but was not inhibited further by a much higher dose of PGE,. The behavior in duced by db-cyclic AMP was remarkably inhibited by a much higher dose of PGE,. The possible site of action of PGE, was disscussed.
